Context. Over the last decade, the positional observations of Mars have reached such an accuracy that the uncertainty of the asteroid masses has become the main cause of uncertainty in its ephemeris. Currently, only about 36 masses are estimated by direct measurements with a formal accuracy better than 10%. However, the true errors are probably larger due to unaccounted systematic effects. Thus, asteroid masses are still a limitation in the accurate modeling of the perturbations on Mars. Nevertheless, two future space missions, Gaia and Dawn, could improve the situation by combining their results. Aims. The main objective of this paper is to identify and provide a list of major perturbers of Mars which could bring significant disturbances over the next 50 years, having in perspective the expected contribution of Gaia to asteroid mass determination. It will also point out the asteroids whose mass only could be improved from ground-based observations -by direct measurements or size and shape derivation. Methods. The selection procedure of Mars' perturbers includes analytical and numerical treatments. The analytical analysis is based on harmonic decomposition of the perturbations on the longitude and semi-major axis of Mars as a function of the mean longitude of the planet and the perturbing asteroid to the first order in asteroid mass. Regarding the numerical treatments, the first consists in selecting the potential perturbers, filtering them out with the cumulative deviations of Mars' path over the next 50 years. The second one uses the accumulation of the perturbations on the semi-major axis, eccentricity, and inclination of Mars due to each asteroid over the same period of time. Thus, a list of perturbers of Mars is derived from the number of selections by each method. Results. 62 asteroids have been selected as the most perturbing -or potentially so -for the orbit of Mars, among which 32 were already listed by Williams in 1984, and all are in the list of 300 perturbing asteroids derived by the same author in about 1995. More interestingly, 53 belong to the list of asteroids for which Gaia could give their mass with a relative precision better than 50% and 27 less than 10%, a further indication of the importance of Gaia to contribute to improving Mars' ephemeris. Nevertheless, 7 of them will have a mass poorly estimated -with a relative error greater than 30% -and 9 without estimates at all. Therefore, ground-based observations may be useful to overcome these limitations.
Introduction
Today, the main factor limiting the precision of the ephemerides of Mars does not come from the intricacy of the dynamical modeling or the quality of the observational material, but rather from the lack of reliable masses of the largest asteroids. The masses of the three "bigs" -(1) Ceres (2) Pallas, and (4) Vesta -arrived at by Standish & Hellings (1989) from the Viking lander spacecraft data left a post-fit accuracy of 7 m over the period from 1976 to 1980 and 12 m for 1980 to 1981. Although the perturbations produced by these major asteroids are large enough to permit a rather accurate determination of their masses with precisions estimated to 0.2% for (1) Ceres, 1% for (2) Pallas, and 0.7% for (4) Vesta, which have been improved using the same method by Pitjeva (2005) , Konopliv et al. (2006) and Fienga et al. (2008) , the ephemeris solution would be constrained if these masses could be obtained from an independent source. Appendix A is only available in electronic form at http://www.aanda.org Given the interest of Mars for searches for signs of past biological activity, several missions have been launched and orbit the planet to monitor its surface, like Mars Global Surveyor (NASA-JPL) launched in November 1996 (Albee et al. 2001) , Mars Odyssey in April 2001 (Saunders et al. 2004) or Mars Express (ESA) in June 2003 (Chicarro 2006) . Even if their main objective is not the study of the dynamics of the planet, the spacecraft radio tracking allows us to obtain an accurate position of Mars. The level of accuracy is such that the perturbations of the asteroids are seen in the subsequent dynamical fit to these observations and a good knowledge of their masses would allow us to fully benefit from the accuracy of these observations to construct a stable and precise solution of the Martian orbit. More detail on this issue is given in Sect. 2.2.
To date we can rely on only 36 asteroid masses derived from direct measurements with a precision better than 10%, while 54 reach the 50% mark -statistics from Mouret (2007) , Baer & Chesley (2008) , and Baer's database 1 . They have been obtained by analysing the gravitational pull on other Solar-System objects, mainly smaller asteroids, and in special cases Mars or a spacecraft (Near-Shoemaker). Our limited knowledge of asteroid masses becomes more obvious when we add that most precisions estimated from covariance matrix or post-fit residuals neglect the systematics resulting from the imperfection of the dynamical models used in the fitting. Regarding the very specific cases of binary asteroids, their mass is generally well-estimated, much less corrupted by systematic errors, but unfortunately, only a few of them are massive -fewer than ten have a mass greater than 10 −13 M . Thus it is mandatory to obtain more stable solutions of the Martian orbit to (i) determine the asteroids capable of producing detectable perturbations of this planet; and (ii) see how their mass determinations could be improved. This may result either from well designed ground-based observations or by taking advantage of the capabilities of space missions like Gaia or Dawn, even though this is not their primary objectives. In the same spirit as the pioneering work of Williams (1984) , we give a list of the most influential asteroids on the orbit of Mars over a short period of time, ∼50 years. This small timespan is justified by the fact that even the short-term stability of the solution of Mars is not yet achieved (see Sect. 2.2). Thus, the case of resonant orbits between asteroids and Mars specified in Sect. 4 is not seen in this paper, since they imply long period perturbations. In addition, the list of perturbers is supplemented with the expected precisions on their masses from Gaia obtained from realistic simulated data (Mouret et al. 2008) .
In Sect. 2.2, we give an overview of our current knowledge of the perturbers of Mars and explain the interest of future space missions in improving the ephemeris of Mars. Sections 4-6 give the description of the selection procedures and the resulting lists of asteroids. The results are summarised in Sect. 7 in the form of a ranking based on the number of times an asteroid was selected. This list is supplemented with the expected mass estimates from Gaia and compared to Williams' as well as the list of 300 asteroids for the DE405 ephemeris and 343 ones for DE414 and the next DE ephemerides (Folkner et al. 2008 ).
State of the art

First discussions
The first discussions on the perturbations of the Mars orbit by the asteroids appeared in papers by Bretagnon (1984) and Williams (1984) . Bretagnon, in his planetary ephemerides, assessed the perturbations of the mean longitude of Mars by the three most massive asteroids -(1) Ceres, (2) Pallas, and (4) Vesta. The perturbations were expressed to the first and second order in asteroid mass, in the form of Fourier series with the longitudes of Mars and that of the minor planet as arguments, accounting for the associated amplitude and period. In his own investigation, Williams gave a list of massive asteroids in near mean-motion resonance with Mars likely to perturb its motion. But, more interestingly for this purpose, he also selected 36 asteroids based on the theoretical perturbations of Mars mean longitude over short and over intermediate periods (P > 4 years). As Williams said, this list can be viewed either as "an opportunity for measuring masses" or "a list of source noise for orbit determination". The importance of asteroid masses on the inner planet orbits (especially Mars) was taken seriously, and rightly, since he anticipated the future mass determinations for the three Bigs from the Viking Mars landers by Standish & Hellings (1989) . Later, Williams continued the study and an unpublished list of 300 asteroids 2 was derived in about 1995 to guide JPL's solar system integrations (Standish et al. 1995; Standish & Williams 2009 ). They were obtained from more advanced work than its first study (Williams 1984) , combining more accurate semianalytical theories with more terms for some asteroids and searching for resonances from an approximate semimajor axis-eccentricity function. Recently, Standish 3 derived his own list considering the minor planets physical properties and by assessing the influence upon the Mars orbit from numerical integrations. This increased the content from 300 perturbing asteroids to 343.
Still great ignorance
Up to now the list of Williams (1984) and, more particularly, its unpublished list of 300 asteroids have remained a reference to such an extent that these asteroids are included in the dynamical modeling for planetary ephemeris and also to assess the remaining uncertainty left by the insufficient knowledge of their masses. Standish & Fienga (2002) extended the model with perturbing asteroids to the four inner planets. They set up Monte-Carlo simulations in order to compare the planetary solutions obtained from different sets of asteroid masses -880 objects were considered -to evaluate the model accuracy. They arrived at the conclusion that the true uncertainties in the Earth and Mars ephemeris can be several kilometres over a period of about 10 years just from this effect.
Given our current ignorance on masses, one is reduced to handle the way of estimating them in order to model their perturbations on Mars. As to the JPL epehemeris whose aim is to get a reasonable short-period prediction which is important for NASA missions to Mars, a particular process was used. The asteroids considered in modeling Mars' ephemeris are split into two groups, the "major" and the "minor" according to their influence on Mars. In DE418, 12 asteroids among the "major" were empirically selected: the process consisted in searching which set of asteroids allowed to keep the residuals of the unfit range measurements in 2006 and 2007 small, the masses being estimated without constraints from the data through the end of 2005 4 . The other 56 "major" asteroids were held at assumed nominal values. As for the "minor" asteroids, their masses were estimated from three density classes, and a volume estimated. Improving the current data on the most important perturbers of Mars would allow to better model their perturbations but, also, those from the remaining smaller asteroids.
...but great expectations from space missions
By foreseeing the possibility of measuring the masses of asteroids sufficiently perturbing Mars, the paper by Williams (1984) can also be viewed as a precursor for the detection of Mars perturbers. However, as it is difficult to pick out the perturbations from one asteroid among the large number of small perturbations on Mars, deriving masses by this method is limited to only the largest asteroids. Measuring asteroid masses appears as the current best solution to the problem of Mars ephemeris and several future space missions offer interesting perspectives in this regard.
The main contribution will come from the Gaia mission. This ESA astrometric mission, due for launch in early 2012, will pinpoint about 350 000 asteroids -mainly main-belt asteroidsdown to V = 20 mag with an unprecedented positional precision -at the sub-milliarcsecond level for single observation. Thus, numerous applications to asteroid science are expected , including the determination of the masses of over 100 such bodies. With this unique level of astrometric accuracy, close approaches between two asteroids will show up as deviations of their unperturbed motion that would be unnoticed with standard sub-arcsec astrometry. Therefore the number of usable approaches will be very large with repeated occurrences during the mission lifetime of 5 years.
This method, which provided the first mass of an asteroid -(4) Vesta, Hertz 1966 -has remained the most productive. However, the accuracy of observations from the ground combined with the limited range of achievable solar elongations allows us to analyse only very significant gravitational signatures and explains in part the low number of known masses (54 with a precision better than 50%). By pushing down the detection limit of gravitational perturbations and mitigating the constraints on solar elongation, Gaia will significantly increase the number of favourable encounters to be analysed. From calculations performed by considering realistic simulated data for Gaia -observation dates, geometry, time sequence, magnitude etc. -and the close approaches among 350 000 asteroids from 2010.5 to 2016, it has been shown that 149 masses could be estimated with relative precision better than 50%, with 36 under the 10% mark (Mouret et al. 2008) . More important, several features of Gaia and data processing will limit the effects of systematic errors: the analysis will be carried out by using a refined dynamical modeling matching the astrometric accuracy. A global method is being developed to fit the masses by handling all perturbers and target asteroids simultaneously and including other general parameters of the dynamical model. From the simulations, we know that this will involve several thousands approaches above the detection threshold and that the global nature of the treatment will keep the systematic effects much lower than the random errors.
The Dawn mission (Russell et al. 2006 (Russell et al. , 2007 will have a non-negligible contribution in improving Mars' ephemeris. Launched on September 27, 2007, it is scheduled to be in orbit around (4) Vesta in 2011 and (1) Ceres in 2015 with the objective to characterise their internal structure and gravitational field: their masses will thus be derived with a precision that cannot be reached by other means. As a direct consequence, the strong perturbations of Mars by these two asteroids will be better modeled. This will help the Gaia solution as well since it will be possible to lessen the number of independent parameters by isolating the two strongest perturbers. They have a significant influence on the orbits of many smaller asteroids, among which a large number will be used as target asteroids to derive masses. In parallel they could also be used to assess the reliability of the formal errors in the Gaia solution, by including these two masses in the fit as true unknowns and comparing the result to the Dawn values, which will be much better than Gaia's.
Moreover, the masses of (1) Ceres and (4) Vesta obtained by Dawn will enable us to check the reliability of the method of estimating the masses from all data of spacecraft landing on or orbiting Mars, which gives the best formal precisions -which do not allow for systematic errors -for the three biggest asteroids and three other massive ones, (3) Juno, (7) Iris and (324) Bamberga. Indirectly, Dawn's data will allow a better mass estimates of the third most massive asteroid, (2) Pallas, by analyzing the perturbations on (1) Ceres: the latter is the asteroid that provided the most data to constrain its mass due to infrequent significant encounters between asteroids and (2) Pallas, which has an high inclination in comparison with most mainbelt asteroids. Furthermore, the well-known correlation between the a priori masses of these two asteroids, that Goffin (2001) , and then Hilton (2002) tried to explain, is sufficiently large to cause further error on the computed mass. Then, it would be interesting to compare these mass estimates with those from spacecraft data orbiting Mars to determine the discrepancy. All this information could be valuable for the choice of the a priori mass of (2) Pallas in the Gaia process of mass determination.
Input data of our analysis
In 1984, only the mass of the three "bigs" was known from direct measurements. As a consequence, Williams had to estimate those of the remaining asteroids from guesses of their volume and density. The diameters were taken from the table of Bowell (1979) obtained from albedos, except for those of (2) Pallas and (3) Juno, both deduced from the occultations by Wasserman et al. (1979) and Millis et al. (1981) . The density of (1) Ceres, that used to be estimated as 2.1 g cm −3 , was taken as the reference. He then used more recent data to estimate asteroid physical properties and to constitute the list of 300 asteroids (1995) .
Since then, our knowledge of asteroid masses has steadily improved with the constant increase of direct mass measurements or the observations of binary systems or flybys of asteroids and Mars. Furthermore, the indirect mass derivations -from a diameter estimate with an assumed density -have become slightly more precise and with more objects. Thus, the wider availability of electronic detectors has allowed us to increase the number of observations during the stellar occultations by an asteroid. Finally, we know the sizes from many new techniques and their combinations such as polarimetry, IR radiometry, adaptive optics, lightcurve inversion, radar, space probes etc. The usual sources of diameters are the IRAS Minor Planet Survey catalogue (Tedesco et al. 2004a) (Tedesco et al. 2004b ) including 168 asteroids. They were obtained by radiometric technique from infrared observations. Nevertheless, in spite of all these data, our knowledge of asteroid masses is far from being satisfactory.
Our analysis to find the most effective asteroids perturbing Mars was carried out with a subset of 2274 asteroids containing the 343 included in DE ephemerides, the asteroids with an IRAS or MIMPS diameter and those having a mass directly estimated with a precision better than 10%. The assignment of a mass to each asteroid of the list is based on existing direct measurements (with a relative precision better than 10%) or derived from an estimated diameter, assuming a density of 2.5 g cm −3 for an homogeneous spherical object. Instead of the simplistic approach of using one single bulk density for all objects, we could divide the sample of asteroids into several groups corresponding to the asteroid taxonomic classes. However, at present, the low number of available asteroid densities and their weak precision will not allow us to reliably establish a link, if any, between bulk density and taxonomic class. Current planetary ephemeris solutions provide an average density based on a division into three groups, corresponding to the taxonomic classes C, S and M. This is however not fully satisfactory for two reasons. First, the new Bus asteroid taxonomy extended to the near-infrared by Demeo et al. (2008) has 24 classes, and spectroscopic observations give information only on the asteroid surface layers.
Second, the macro-porosity is not taken into account, whereas it has a direct influence on the density, and discrepancies of porosities can be noticed within the same taxonomic classes (Britt et al. 2002) . The diameters are taken first from the IRAS and MIMPS catalogues, and for the remaining asteroids, from occultations or the well-known empirical law depending on albedo and absolute magnitude. The initial osculating elements are from the database of Bowell 5 .
Analytical treatment
Harmonic decomposition of the perturbations
Our analytical investigation was performed in the spirit of Williams' paper (1984) : from a software developed by Simon (1986 Simon ( , 1987 , which permits us to express the theoretical perturbations Δσ k of an asteroid (to the first order in mass) on the six equinoctial elements of Mars σ k=1,..6 = (a, λ, k, h, q, p) during 1000 years. a is the orbital semi-major axis, λ is the mean longitude,
where is the longitude of perihelion, Ω the longitude of the ascending node, e the eccentricity, and i the inclination. The method is based on harmonic decomposition with respect to the mean mean longitude of Marsλ and that of the asteroidλ , which may be written as λ = λ 0 +nt,
where t is the time, λ 0 and λ 0 are, respectively, the constants of integration of λ and λ .n andn are the mean mean motions of Mars and of the asteroid and can be considered as being derived from observations. All these constants relative to the asteroid orbital elements are defined from Astorb's data and those relative to Mars' from DE405 (see Sect. 3).
Δσ k may be written as,
where σ sec k is the secular term -which is not used in the analysis. We have applied this decomposition for each perturbation of our 2274 selected asteroids (Sect. 3) and focused on those that act upon the semi-major axis and longitude of Mars. We analyse the asteroids by selecting first the two amplitudes
(k = 1, 2) greater than two threshold values. They are defined as fractions of two coefficients found for (1) Ceres -a major perturber of Mars: c a concerning the semimajor axis of Mars (k = 1) and c λ its longitude (k = 2), such that
The values of these two coefficients are given in Table 2 . The second filter consists in excluding the associated periods P k i j superior to P lim = 10 years or 50 years (Table 1) , where
with i ∈ {0, 1, . . . , 2p −1} and j ∈ {0, 1, . . . , 2p −1}, and the case (i = 0, j = 0) ruled out. n M and n are, respectively, the mean motions of Mars and the asteroid considered, and p and p two fixed integers. The two thresholds on the amplitudes, c a and c λ , are determined from the same filter on the period.
5 URL: ftp://ftp.lowell.edu/pub/elgb/astorb.html
Results
In Table 1 , we give, for each selected asteroid, the number of coefficients obtained in the expression of their perturbation on the semi-major axis Δa M and the longitude Δλ M of Mars for two filters on the period, P < 10 years and P < 50 years. The amplitudes are referred to two thresholds: one tenth and one hundredth of c a and c λ . The commensurability between the periods of Mars P M and of asteroids P a are given for information. The last column shows the expected formal precisions of less than 50% on the masses with Gaia (Mouret 2007) , which have been recomputed by taking into account the updated mass estimates. In addition, the maximum amplitudes for Δa M and Δλ M with a period shorter than 50 years are given for each asteroid in Table 3 . The complete list -referred to Table 1 -is provided in electronic form. The major role played by the three "bigs" on the Mars orbit is conspicuous in Table 1 : they produce by far the greatest number of amplitudes for the semi-major axis and longitude of Mars, then followed by the asteroid (7) Iris. The amplitudes superior to the second limit c a /100 and c λ /100 allow us to derive a second group of non-negligible asteroids: among them (3) Juno, (15) Eunomia, (654) Zelinda and (324) Bamberga. Except for the number of asteroids, the two lists -P < 10 and 50 years -are made up of almost the same asteroids among the most perturbing ones. More interestingly, we can notice that most of the asteroids that we selected by this first method will have a mass estimated by Gaia often with good precision and better than presently available. That gives a first hint of the future impact of Gaia in the modeling of the Mars ephemeris which will be treated in more detail in Sect. 7. Because of the planetary perturbations, the orbital semimajor axis of asteroids changes together with their mean motion. Therefore, certain amplitudes associated with a particular combination of their longitudes and that of Mars can increase sharply, showing that they are likely to lie in an area where the resonances are close to each other and, thus, the transition from one to another is very easy. We performed several harmonic decompositions -100 for each asteroid -similar to the previous ones by scanning the range of possible semi-major axes for each asteroid due to the planetary perturbations, which were obtained by numerical integrations over a period of 100 years. Table 4 lists the asteroids for which we obtain large variations in the amplitude, already strong in the reference case, with the number of amplitudes involved for the semi-major axis and the longitude of Mars. We found 27 asteroids among which five -(2) Pallas, (4) Vesta, (324) Bamberga, (10) Hygiea, (41) Daphne -are listed among the most important perturbers of Mars (Table 1 ). This table is in fact the list of the asteroids which would challenge the value of the fit of Mars if their orbits are themselves not well defined. Of course, the study does not take into account all other possibilities of resonances, in particular with Jupiter, which could have similar consequences and may shift or enhance possible resonances with Mars. Thus, the problem of fitting the Mars orbit will not be completely solved by the good knowledge of asteroid masses: the good fit of the orbits of certain asteroids probably will be at least as important as their mass estimates. The astrometric solution based on Gaia observations will help as well.
In addition, the harmonic decomposition of asteroid perturbations used previously is also able to give some information about the secular effects of each asteroid on the Martian orbit, which is interesting for its long-term analysis. More precisely, the constant of integration of the semi-major axis of Mars, a 0 , is derived from the mean mean motionn in the following way. Let 11.5 1 0 5 A r t e m i s -
47.6 4 1 9 A u r e l i a 
5 4
A l e x a n d r a - This gives essentially the number of perturbing terms (above two preselected thresholds) in the orbital elements of Mars due to the asteroids of Cols. 1 and 2. The same information is given for periods shorter than 10 years. The last column shows the expected formal precisions on the masses with Gaia when less than 50%. The binary asteroids are marked by . 45.8
The arguments are given as a combination of the mean motions of Mars λ M and of Ceresλ c .
be 1 the secular perturbations of the mean longitude of Mars due to the perturbing bodies and obtained by integrating the equations of the motion. Thus, we can write,
where n 0 represents the integration constant of the mean motion n, and a 0 is derived from n 0 by Kepler's third law. So, taking into account the perturbations by the asteroids in the computation of 1 results in modifying n 0 and a 0 . We have thus drawn up a list of the asteroids in Table 5 having the greatest secular effects on the orbit of Mars from the value of 1 .
Numerical treatment I
5.1. Using a selection software of close approaches A software written for the Gaia mission to search for close approaches between asteroids has been adapted to include Mars as one of the bodies. For each encounter, it computes the impulse effect on the orbit of Mars as a function of the asteroid mass. Over a period of 50 years extending from 2010 to 2060, we have summed all the deflections (θ 1 in the heliocentric reference frame) undergone by Mars due to a close (or not so close) encounter with one of the most massive asteroids. The orbits of asteroids are computed from the perturbations of all planets, and that of Mars is directly obtained from the JPL planetary ephemerides DE405 (Standish 1998) . θ 1 is obtained from the impulse approach (see Fig. 1 ) first computed in a Mars-centered frame, and then transferred in an heliocentric frame. The encounter velocities of our selected asteroids with Mars are relatively high and, consequently, the perturbation is distributed over a very short period of time compared to the orbital period, which justifies our use of the impulse approach. The angle θ 1 may be written as
where V M is the heliocentric velocity of the perturbed object at the encounter time without considering the gravitational perturbation. ΔV M is the variation vector of its velocity due to the gravitational perturbation by a perturbing object with a mass M, where r M and r a are, respectively, the heliocentric position vectors of the perturbed and perturbing bodies. b is the impact parameter theoretically defined as the initial length of the separation between the two asteroids perpendicular to the incoming velocity V i (see Fig. 1 ). When the impulse approach is applied to asteroid encounters, b is reduced to the minimum distance between the two asteroid trajectories in the case where no scattering occurs, and V is the relative velocity at this instant. In our case, it is important to specify that the deflections are estimated to select the major perturbers of Mars and not to estimate their impact on its orbit. For simplification, the computation of θ 1 described above was not strictly applied: firstly, we used the DE405 Mars ephemeris, yet, the latter was derived from the modeling of the perturbations of 300 asteroids, which are in our list of asteroids tested. For the sake of rigor, we should use for each perturber and each encounter a Mars solution built only with the perturbations of the remaining 299 asteroids during this encounter. The same holds for the orbit of the asteroid tested that we compute with the perturbation of Mars when estimating the impact parameter b and the relative velocity V at the closest approach. However, the characteristics of the encounters between Mars and main-belt asteroids are such that the discrepancies between the values of b and V obtained with and without our simplification are small compared to their values themselves, not resulting in significant change of the deflection angle value θ 1 -this was numerically checked for several encounters. Our simplification has, thus, no consequence when selecting the perturbers from deflections of the Mars orbit.
Results
The selection of Mars perturbers was carried out by computing the sum of the multiple deflections of the trajectory of Mars, θ 1 , caused by each asteroid. In Table 6 , the asteroids are listed according to three levels of perturbation strength. Among the first two groups -θ 1 > 1 mas and 0.1 mas < θ 1 < 1 masbringing together the asteroids producing the largest deflections, we find again several of the asteroids listed in Table 1 (theoretical perturbations by harmonic decomposition). We also performed a similar selection by replacing the parameter θ 1 with the parameter P = M/bV, which is a measure of the change of mean motion of the perturbed object, and is used in the selection process of close approaches (Galád 2001) . Actually, the results were found to be very similar: among the first 50 asteroids selected, only one was different from our selection in Table 6 . 
Numerical treatment II
In this section, we investigate the drift of the orbital semi-major axis a, eccentricity e, and inclination i of Mars due to the asteroid perturbations over a short period of time. Since most of the orbital change follows from the planetary perturbation, we look at the difference between the perturbations caused by the planets and that caused by the planets and one of the test asteroids. The perturbations of the other asteroids usually considered in modeling the Mars ephemeris are not allowed for. Indeed, our objective is only to select the major perturbers of Mars, not to quantify the impact of each asteroid on Mars's motion.The numerical integration is performed over 50 years and the drift of each of the three orbital parameters is computed by sampling this interval about every month, including one asteroid at a time.
The difference of rate is the basic signature of the influence of a particular asteroid. For the semi-major axis of Mars, the drift can be seen as the expression of the largest periodic perturbing terms over 50 years that we analytically found in Sect. 4.
The asteroids have been ordered in decreasing order of their effect on each orbital parameter of Mars, and thus three lists have been drawn up by retaining the first 50 asteroids. As, the results do not change the final list of Mars' perturbers (see Sect. 7), they are only listed in Table 7 summarizing the results.
Synthesis and prospects
Our results are summarised in Table 7 , where the asteroids are ranked with respect to the number of times they have been selected from all methods. In this table, the IAU designation and the name of the asteroid are given, and the methods by which it was selected are marked by a cross. The column H.D corresponds to the theoretical determination by harmonic decomposition of perturbations on the semi-major axis and the longitude of Mars for the two filters 10 and 100 (period P < 50 years). The column θ 1 is from Table 6 and its three hierarchic groups, and Linear Reg. from Sect. 6. We also indicate if the asteroid was selected in the first selection of Williams (1984) and if it is considered as a major perturber of Mars in the DE ephemeris. The asteroid masses are then given with the standard deviations expected with Gaia -less than 50%. Also, we list, for information, the commensurabilities between the periods of Mars P M and of The expected standard deviations with Gaia marked by "-" mean that they are greater than 50%.
asteroids P a as well as whether the first 50 asteroids in terms of secular effects on the Mars orbit belong to this list (see Table 5 ). Table 7 cannot be used as a strict ranking list because it counts only the appearance in the tables, which partially reflects the importance of an asteroid upon the Mars orbit. The rank is not taken into account, because it would be difficult to weight it knowing that the methods used are very different. Nevertheless, we find the three "bigs" at the top of the list which are usually considered as the most perturbing.
Even if our objectives differ somewhat from earlier related works, the comparison of the results is interesting. As for the first study in 1984, 32 objects had been selected by Williams in studying asteroid perturbations of the mean longitude of Mars and also their resonances, which can be read in his list of 300 perturbers resulting from a more advanced work. By considering the 67 "major" of the 343 asteroids provided later by Standish, 50 are in our list in spite of the differences in selection -the initial conditions of asteroids, estimation of masses, the period of time studied, the methods themselves, the objectives etc. As for the other 12 asteroids -from our results in Table 7 -, (154) Bertha and (313) Chaldea seem to be the most important.
Keeping in mind that the number of asteroids we found is entirely dependent on our arbitrary selection threshold, about sixty asteroids picked out as major or being potentially so are enough to already see the potential of Gaia to improve, albeit indirectly, the ephemeris of Mars. Among the 62 asteroids listed, 53 mass determinations are expected with a precision better than 50%, and even often below the 10% mark (27 out of 53). These 
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H.D. relates to the theoretical determination by harmonic decomposition of perturbations on the semi-major axis and the longitude of Marsperiod P < 50 years, see Sect. 4.1. The three columns of θ 1 are from Table 6 which were obtained by computing the sum of the deflections of Mars over 50 years. Linear Reg. corresponds to the selection from the drift of the semi-major axis, eccentricity and inclination of Mars due to the perturbation of each asteroid -see Sect. 6. Then, we indicate if the asteroid belongs to the list of Williams (1984) and to the major perturbers of Mars in DE ephemeris. The mass m is then given as well as the Gaia precision expected. The last two columns give the commensurability between the periods of Mars P M and of asteroids P a and the selection from secular effects on Mars - Table 5 . The binary asteroids are marked by . statistics portend a non-negligible contribution of Gaia in improving the modeling of perturbations by asteroids lying in the main-belt. These expected precisions were obtained from realistic simulated observation dates by Gaia from 2010.5 to 2015.5 and by investigating the close approaches between asteroids from 2010.5 to 2016. The result are globally not very sensitive to the launch date, but are sensitive to the mission duration, which is not expected to be less than 5 years. The asteroids with an expected precision on the mass better than 10% are, in general, asteroids with a strong perturbing potential for smaller asteroids and so there will be always a large number of close approaches to be analysed. In addition, and what may be the more important argument, the contribution of ground-based observations before and after the mission to increase the masses from Gaia was investigated (Mouret 2007) giving encouraging results, and the preparation of observation campaigns concerning particular target asteroids are on-going. As a consequence, the target asteroids involved in favourable close encounters occurring before 2012 will be integrated in the preparatory ground-based observation campaigns. A large part of the information on the mass of perturbers will be preserved all the more so as the stellar catalogue issued by Gaia will increase significantly the precision of ground-based observations. In addition, Mars' perturbers listed out of the Gaia issues, those with poor or no mass estimate expected, represent interesting targets for observations from the ground to compute or improve their mass or their volume -if no direct mass estimate is possible. They are given in Table 8 where it is specified whether the asteroid is considered as a significant perturber of Mars in the current DE planetary ephemerides and if a mass is expected to be obtained by Gaia with a precision better than 50%. The asteroid (216) Kleopatra is written in italic because an accurate mass estimate is expected soon, two satellites having been observed by adaptive optics this year (Descamps 2008) .
We have seen here the difficulty to objectively give a list of perturbers of Mars: we are dependent on the uncertainties on the orbital and physical characteristics of asteroids. Furthermore, the selection would change with the period of time under consideration and with the ultimate goal: improvement of the short term ephemeris (few 10 s of years) or the long term dynamical history of the solar system. Work is on-going to find new ways of deriving perturbers of Mars by considering the uncertainties of their orbit and mass. Thus, we will probably find potential perturbers requiring a mass estimate or improvement of their orbit to establish their real impact on the Mars orbit.
Searching for such methods of selection is all the more important as the perturbations by asteroids do not only concern Mars, but the other inner planets as well. Very precise observations of these planets will allow us to increase the accuracy of their ephemeris and, consequently, the modeling of their perturbations by asteroids will become more important. These obervations will be obtained from Venus Express (Svedhem et al. 2007) which has entered its Venusian orbit on 11 April 2006 and is delivering data, and BepiColombo (Grard et al. 2000) which will be launched in 2013 to Mercury and will reach its destination in 2018.
Conclusions
In this paper we have obtained two main results regarding the dynamical modeling of the motion of Mars:
1. Using our current knowledge of the masses and orbits of asteroids, we have produced our own list of "major" perturbers of the Martian orbit or of those which may be important, over the next 50 years. This list of 62 asteroids has been compared with the determination of the asteroid masses with the ESA astrometric mission Gaia. Of these 62, a subset of 53 masses (resp. 27) should be determined with an accuracy better than 50% (resp. 10%). In addition, well-planned ground-based observations before and after the Gaia mission, the reduction of which will benefit from the dense and accurate Gaia stellar catalogue, should significantly augment the number of expected good mass estimates. 2. As for the perturbers with no or poor direct mass estimates in the future (14), they become obvious targets for groundbased observations to directly derive their masses or the physical properties allowing their constraint. 25.11
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